Black carbon (BC) aerosol in urban environments potentially affects the local environment, the regional climate cycle, and even human health. A two-year field measurement (May 2014 to July 2016) of BC and particulate matter in Xuzhou, a large industrial city and the economic center of Huaihai Economic Zone in central China, was conducted. The average annual concentrations of BC, PM 1.0 , PM 2.5 , and PM 10 were 2.44 µg m -3 , 56.6 µg m -3 , 61.8 µg m -3 , and 75.8 µg m -3 , respectively. The highest daily average for the BC concentrations was 11.6 µg m -3 , and more than 10% of the hourly BC measurements had concentrations above 5 µg m -3 . All of the BC and PM concentrations displayed two diurnal peaks (during rush hours in the morning and in the evening) and one valley (in the afternoon). The overall BC concentrations, and the BC fractions in the PM were higher in winter and spring, whereas the overall PM concentrations were higher in winter and autumn. The backward trajectory analysis indicated that most of the high BC concentrations in Xuzhou were associated with north and northwest winds, and the potential source contribution function (PSCF) model proved that the provinces of central China were the most likely source regions. Our findings can be used to set appropriate atmospheric pollution control measures for these central provinces and to increase the accuracy of air quality forecasting.
INTRODUCTION
Aerosol is an important component in the atmospheric environment that affects the radiative balance of the earth (Kuang et al., 2015; Sun et al., 2018) , human health (Janssen et al., 2013) , and climate change (Xin et al., 2016; . The particle size of aerosol particles can range from several nanometers to hundreds of micrometers (Qin et al., 2018) , with extremely heterogeneous spatial distribution. The sources of aerosol can be divided into two categories: natural (oceanic, dust, etc.) and anthropogenic (Knobelspiesse et al., 2011) . Among the anthropogenic sources, black carbon (BC, sometimes denoted as "soot") is mainly formed during the incomplete combustion of fossil fuels (coal, etc.), biofuels, and biomass . Due to the rapid increase in the number of vehicles and the usage of coal as an energy source, China has become the largest producer of BC emissions, contributing approximately 17% of total global BC emissions (Chameides and Bergin, 2002) .
Particulate matter, on the other hand, has been deemed as the major reason for the air quality deterioration in the region of northern China and has become a serious health burden for urban residents (Song et al., 2017; Guo et al., 2018) .
Particulate matters (PM 1.0 , PM 2.5 , and PM 10 ) have been paid great attention by many researchers considering the serious haze-fog events in the region of northern China . The implementation of new National Ambient Air Quality Standards (NAAQS-2012 , GB3095-2012 has required major cities in China to monitor PM 2.5 , PM 10 , SO 2 , NO 2 , CO, and O 3 at 1-hour intervals, providing ample data sources for atmospheric environment research. With these monitoring data, average PM 2.5 concentrations in different cities have been calculated: 83 µg m -3 in Beijing (Batterman et al., 2016) , 101.6 µg m -3 in Baoding (Li et al., 2017), 72.3 µg m -3 in Chengdu, 39.5 µg m -3 in Guangzhou, 50.8 µg m -3 in Shanghai, and 79.2 µg m -3 in Shenyang (Fontes et al., 2017) . Four regions have been affected the most by fine particulate matters: the BeijingTianjin-Hebei region, the Yangtze River Delta region, the Pearl River Delta region, and the Sichuan Basin (Chai et al., 2014; Wang et al., 2014) .
Although the BC concentration in the atmosphere is relatively low, it could strongly absorb incident solar radiation, forming strong positive radiative forcing (Hansen and Nazarenko, 2004) (Jacobson, 2001; Bond et al., 2013) . Freshly emitted BC particles are aggregated by hundreds of monomers with fractal structures and later tend to be mixed with other atmospheric components, such as organics, dust, sulfate, and water (Cheng et al., 2015a) , which is known as the aging process of black carbon. During the aging process, the mixing state and morphology of black carbon aerosol all have significant changes. The change from external mixing to internal mixing of black carbon and other aerosols will increase the absorbing cross section of aerosol particles, altering the single scattering albedo and asymmetry factor . In addition, during the aging process of black carbon aerosols, they can absorb sulfate, nitrate, and water vapor, becoming the spot for chemical reactions, playing an important role in the formation of secondary aerosol particles . The broadband absorbing characteristics make black carbon aerosol strongly affect the earth-atmosphere systems. A climate model simulation suggested that absorbing aerosol could inhibit the formation of a cloud if present in the cloud, or increase the formation of a cloud if below the cloud (Koch and Del Genio, 2010) . Furthermore, absorbing aerosol could increase the extent of a tropical area (Kovilakam and Mahajan, 2015) , affecting long-term global climate (Li et al., 2015b) and accelerating snow melting (Yang et al., 2015) .
Many field observations have been performed to understand the concentration variations, chemical and microphysical properties, and optical properties of black carbon aerosols in China. The annual measurement of particulate matter in Fudan University suggested the annual average BC concentration in Shanghai was approximately 3.0 µg m -3 . A nine-year measurement by the China University of Geosciences (Beijing) suggested the average BC concentration from 2005 to 2013 was 4.3 µg m -3 . Another five-year measurement suggested the BC concentration in Beijing from 2010 to 2014 was 3.67 µg m -3 . Despite the inter-annual variations, there were obvious seasonal patterns of BC concentrations in Beijing: The winter seasons had the highest BC concentrations, followed by the autumn, summer, and spring . Zhang et al. (2015b) . Qin et al. (2017) carried out a campaign for investigating BC and aerosol optical properties under haze conditions over Shijiazhuang in the winter from late 2013 to early 2014, displaying extremely high records with a larger ratio of BC to PM 2.5 (12.11% on average). BC concentrations in all four seasons were well correlated with OC concentrations, suggesting that it was highly possible that OC and EC in Nanjing were attributable to common sources. Although BC only contributed slightly to the total PM 2.5 concentration, it could have heated the upper planetary boundary layer (PBL) and depressed the development of PBL, thus enhancing the haze pollution episodes (Ding et al., 2016) . Peng et al. (2016) performed experiments in Beijing and Houston and found that BC could age heavily and greatly contribute to large positive radiative forcing. Widely carried out urban BC concentration measurements all suggested heavy anthropogenic BC pollutions in China. However, most of this research focused on megacities, such as Beijing or Shanghai, or regional centers, such as Hefei or Nanjing. For Xuzhou, a large industrial city in eastern China with large amounts of coal production and combustion, real-time and long-term measurement of BC is still limited.
Here, with two-year surface measurements of BC concentrations in Xuzhou at the China University of Mining and Technology from May 2014 to July 2016, BC variation of this city is presented. The additional particulate matter measurements of PM 1.0 , PM 2.5 , and PM 10 were also collected to investigate the BC concentration under different particulate matter pollution episodes. The main objectives of this study were to 1) investigate the temporal variation patterns of BC in Xuzhou, 2) determine the relationship between BC and particulate matters, and 3) find the potential source of BC in Xuzhou.
STUDY AREA AND DATA MEASUREMENTS

Study Area
Xuzhou (33°43′N-34°58′N, 116°22′E-118°40′E) is a large industrial city in northwestern Jiangsu Province in eastern China, at the junction of Jiangsu, Shandong, Henan, and Anhui Provinces. Moreover, it is the economic center of the Huaihai Economic Zone of China, and an important transportation hub in eastern China. Huaihai Economic Zone has an area of 17.8 million km 2 , connecting Beijing-Tianjin-Hebei Economic Zone in the north, Coastal Economic Belt in the east, Yangtze River Delta Economic Belt in the south, and Central Plains Economic Region in the west. Over 1.3 billion residents are now living in the Huaihai Economic Zone with a total GDP of more than 4.9 trillion yuan. As the economic center city of Huaihai Economic Zone, Xuzhou has experienced fast economic development over the past decades. At the same time, the air quality in Xuzhou has deteriorated with frequent haze-fog events. The heavy atmospheric pollution in Xuzhou has become an important issue for both local residents and city image. Unfortunately, few researches concerning the atmospheric pollution, especially about BC, have been done here.
At present, Xuzhou has over 8.6 million inhabitants and an area of 11,258 km 2 . As a typical industrial city with coal as major energy source, there are many coal mines and industrial parks in Xuzhou. The industrial parks are mainly located to the north of the urban area in the upwind direction during the seasons that require heating. The city of Xuzhou is located in a basin region with small hills around it, making it easily polluted when the meteorological dispersion conditions are poor. Furthermore, as shown in Fig. 1 , Xuzhou is located northwest of the Yangtze River Delta region and southeast of the Beijing-Tianjin-Hebei region, making it easily affected by regional transported pollution from these two regions (Qin et al., 2016) .
Measurements
Black carbon concentration was continuously measured by a 7-wavelength (370, 470, 520, 590 660, 880, and 950 nm) aethalometer (Model AE-42, Magee Scientific, USA). The aethalometer works under the theory that the attenuation of light transmitted through a fibrous filter is linearly proportional to the amount of BC in the filter deposit. The optical attenuation of the light (ATN) is defined as Eq. (1):
where I 0 is the intensity of light transmitted through the original filter or the blank part of the filter, and I is the light intensity transmitted through the part of the filter with BC deposit. The absorption of light by BC is inversely proportional to the wavelength of the light used, and the ATN of a specific wavelength could be written as a function of the mass deposit of BC in Eq. (2):
where M BC is the mass deposit of black carbon, and σ λ is the mass absorption cross section of black carbon in wavelength λ. The increase of ATN between two continuous measurements is proportional to the increase of the BC mass deposit ΔM BC as Eq. (3):
where ΔATN λ is the increase of ATN, i is the measurement number, and ΔM BC is the increase of the BC mass deposit. Therefore, the average concentration of atmospheric environment between these two continuous measurements could be calculated as Eq. (4):
where Con BC is the concentration of black carbon, S is the area of the sample, F is the flow rate, and Δt is the sample interval. According to Virkkula et al. (2007) , the relationship between ATN change and BC concentration is not linear. The reasons include that the particles collected on the filter alter the internal reflection properties of the filter, hence making the relationship nonlinear. Therefore, the measured value from the aethalometer should be corrected before analysis. According to Virkkula et al. (2007) , the corrected BC concentrations could be calculated by: where σ abs(corrected) and σ abs (uncorrected) are the corrected absorption coefficient and uncorrected absorption coefficient, respectively. The coefficient k in Eq. (5) could be calculated by the last measurement of a spot that is equal to the first measurement of the next spot when the spot change takes place as follows:
By combining Eqs. (5) and (6), the coefficient k for the filter spot i could be calculated by:
Con Con , Con ,
By calculating the correct coefficient k for the filter spot, the corrected BC concentrations could be obtained. During our experiments, the aethalometer was set to collect data at an interval of 5 minutes with a flow rate of 2 L min -1 . The accuracy of BC measurements was approximately 0.1 µg m -3 . In total, there were 699 daily data points collected for this study. In this study, the measurements taken at 880 nm were used as the standard channel for BC.
Particulate matter concentrations of PM 1.0 , PM 2.5 , and PM 10 were measured by an EDM (Environmental Dust Monitor) 180 (GRIMM, Germany), which can classify particulate matter particles into 31 size bins at the range of 0.25 to 32 µm with an accuracy of approximately 2%. In addition, the meteorological data including wind speed, wind direction, and precipitation were also collected with a local meteorological station. This equipment (including the aethalometer and EDM 180) was all deployed at the same place on the rooftop of the building (about 20 m above ground) of the School of Environmental Science and Spatial Informatics, China University of Mining and Technology, Xuzhou, as part of the Mining Area Synergic Observation and Experiment Site. This site is surrounded by the major road in the north and east, and small mountains in the west, far away from heavy pollution sources. The measurements of BC and PM were simultaneous, ensuring that the BC and PM measurements were comparable.
RESULTS
Temporal Variations of Black Carbon and Particulate Matters
The overall daily average mass concentrations of BC, PM 1.0 , PM 2.5 , and PM 10 are shown in Fig. 2 . For black carbon measurement, hourly means were calculated by averaging all 5-minute measurements within each hour. Only days with at least 16 hourly measurements were regarded as effective daily measurements to ensure representativeness. Therefore, 639 effective daily black carbon measurements were obtained. During the period from May 2014 to July 2016, daily BC maximum (minimum) was 11.6 µg m -3 (0.07 µg m -3 ), with an average concentration of 2.44 µg m -3 . Some typical measurements of BC at other sites in China have been collected as shown in Table. 1. It could be found that compared with the measurements of other big cities, (Zhou et al., 2018) such as Beijing, Nanjing, and Shanghai, BC concentrations in Xuzhou are relatively low considering annual average. Xuzhou is located in the eastern part of North China Plain, and is an important transportation center and regional economic center bordering two large agglomerations: the Yangtze River Delta city cluster in the south and BeijingTianjin-Hebei city cluster in the north. Due to the influences of summer and winter monsoon, air quality in Xuzhou is easily affected by these two agglomerations. For PM 1.0 , PM 2.5 , and PM 10 , only 514 effective daily measurements were obtained. The average mass concentrations of PM 10 , PM 2.5 , and PM 1.0 were 75.8 µg m ), respectively. During this period, BC accounted for 3.38% (0.09-9.68%) of PM 10 , 4.28% (0.1-13.9%) of PM 2.5 and 4.78% (0.1-16.5%) of PM 1.0 , on average. Extremely high daily PM mainly occurred in late 2014 and early 2015. This could be attributed to the strict environmental law enforcements in the autumn and winter seasons in northern China to ensure air quality. Fig. 3 shows the monthly and seasonal variations of BC mass concentrations from May 2014 to July 2016 in Xuzhou. Only months with at least 15 effective daily values were selected to calculate the monthly average concentrations due to the consideration of representativeness and statistical meaning. Therefore, monthly mean data for 6 months were missing: December 2014, January 2015, November 2015, December 2015, January 2016, and May 2016. For the intra-annual aspect, the spring and winter months had higher BC concentrations, while the summer and autumn had lower BC concentrations. In 2014, BC concentrations in the autumn were lowest, while in 2015, those in the summer were lowest. Typically, winter months have the highest BC concentrations. Furthermore, it should be noted that, although the autumn and winter months had higher BC concentrations, they also had larger value ranges, with both extremely high values and extremely low values. The meteorological dispersion conditions may be the major reason for the large differences. The cold high pressure frequently controlled the northern China region, bringing stagnant weather conditions, which is unfavorable for the dispersion of atmospheric pollutants. When stagnant weather conditions occurred, BC concentrations tended to be high. On the other hand, cold waves with heavy wind facilitated pollution diffusion, making BC concentrations very low at these time. Most summer and autumn months have average BC concentrations of less than 2 µg m -3 , while winter and spring months have BC concentrations of more than 2 µg m , and all months had PM 2.5 concentrations higher than 35 µg m -3 regarding the annual target of NAAQS-2012. Although there is no specific standard for PM 1.0 , mass concentrations of PM 1.0 were found to be comparable to those of PM 2.5 , suggesting that PM 1.0 may represent a large portion of the particulate matter. Overall, PM concentrations have been gradually decreased since the Chinese government has paid specific attention to the air pollution in northern China.
Relationships between BC and PM 1.0 , PM 2.5 , and PM 10 The correlations between PM 1.0 , PM 2.5 , and PM 10 are illustrated in Fig. 5 . In this regression, we selected 5-minute average samples of particulate matter concentrations. In total 12,479 groups of valid 5-minute average samples were collected. For the correlation between PM 1.0 and PM 2.5 , the R-square of the linear regression was 0.9964. For the PM 1.0 -PM 10 and PM 2.5 -PM 10 correlations, the corresponding R-squares were 0.9220 and 0.9462, emphasizing the significance of correlations between PM 1.0 , PM 2.5 , and Fig. 3(a) , the bars represent monthly average concentrations and the whiskers are the standard deviations. For  Fig. 3(b) , lines in the boxes are the median mass concentrations of the seasons; the lower and upper lines of the boxes represent the 1 st and 3 rd quartiles. The lower and upper whiskers represent the 99% and 1% values. The stars above the top lines and below the bottom lines are the maximum and minimum values.
PM 10 in Xuzhou. The statistical results demonstrated that 91.1% and 76.1% of the mass concentration of PM 2.5 and PM 10 , respectively, was PM 1.0 and 83.1% of the mass concentration of PM 10 was PM 2.5 . This result reveals that ultrafine particles with diameters less than 1 µm are the major components of particulate matter pollution in the urban atmospheric environment of Xuzhou. From the view of two-year measurements, it could be found that coarse mode aerosol (PM 2.5-10 ) only occupies 16.9% of total PM 10 .
Considering that coarse-mode aerosol pollution is highly associated with dust source aerosol possibly transported from desert or Gobi regions, while fine-mode aerosol is mainly local or regional source associated with anthropogenic emissions, our results suggested that despite some longrange transportation, the PM pollution in Xuzhou is mainly from local or neighboring regions' transportation (mainly the Yangtze River Delta city cluster and the BeijingTianjin-Hebei city cluster). Black carbon monomer particles are usually regarded as fine particles with diameters ranging from 0.01-0.02 µm. Although black carbon particles only occupied a tiny part of particulate matters (3.38% in PM 10 , 4.28% in PM 2.5 , and 4.78% in PM 1.0 in Xuzhou), they could age with heavy coating, providing places for the formation of secondary aerosols. The ratios of BC in PM 1.0 , PM 2.5 , and PM 10 are shown in Fig. 6 , demonstrating that the ratios of BC in particulate matters were usually less than 10%. The winter and spring months had higher BC ratios than the summer and autumn months. The increased combustion of coal during winter season for heating may be one important role for the higher BC ratios in northern Chinese regions (Ji et al., 2017; Zhou et al., 2018) . Furthermore, unfavorable meteorological conditions during winter and spring months were also responsible for the accumulation of atmospheric pollutants (Han et al., 2015; Zhang et al., 2015a) . Fig. 7 demonstrates the correlations between 5-minute average BC and particulate matter mass concentrations. In contrast to the relationships between PM 1.0 , PM 2.5 , and PM 10 , the correlations between BC and PM were not as high; the Rsquares of the linear regressions of BC-PM 1.0 , BC-PM 2.5 , 
Diurnal Variations of PM and BC
The diurnal variations for BC and particulate matters are displayed in Fig. 8 . In each subfigure, diurnal variations with annual data averaging and four seasons were demonstrated with different colors. Considering the eliminating effects of precipitation on BC and particulate matters, those data from days with precipitation on that day and/or the previous day were excluded to obtain diurnal variations without precipitation effects. Diurnal variations without a precipitation effect are demonstrated in each subfigure with dashed lines. Those data that include at least 16 hourly samples in each day were selected to ensure representativeness.
The variation shapes of BC and PM have similar tendencies, showing a bimodal shape: two peaks in the morning and evening rush hours and one valley in the afternoon. During different seasons, the peak times and valley times were different. The average annual morning peaks of BC in the spring and autumn were at approximately 07:00 local time. However, the peak of BC in the summer shifted 1 hour earlier to 06:00 local time, while in the winter, it shifted later to 08:00 local time. This may be caused by the longer daytime during summer months and shorter daytime during winter months. After the peak value in the morning, BC concentrations gradually decreased until 15:00-16:00 local time, forming the daily valley values. Then, BC concentrations increased again until 19:00-20:00, staying at a relatively high level throughout the night and forming the second peak value, which was lower than the first peak value in a day. There are two reasons for the first peak in the rush hour: First the air temperature at this time is low, which is unfavorable for this vertical dispersion of atmospheric pollutants; secondly, the busy traffic activities with high frequent traffic jams discharge large amounts of pollutants to boundary layer. After that time the temperature increases and the vehicles on road decrease. Then the atmospheric pollutants concentrations gradually decrease. The second rush hour, frequent human activities and lower temperature during evening help form the second pollution peak. The diurnal variations also suggested that winter and spring have higher BC concentrations, while summer and autumn have relatively lower BC concentrations. By excluding days affected by precipitation, the precipitation generally brought a decreasing effect on BC concentration of approximately 0.26 µg m -3 per hour, suggesting that from the view of long-term measurements, wet deposition may not be the major reason of the elimination of BC. The decreases mainly occurred in the morning and night, but not as much in the afternoon.
Diurnal variations of PM 1.0 , PM 2.5 , and PM 10 showed a similar tendency of BC: two peaks in the morning and night, and one valley in the afternoon. For the annual average, the first peaks of PM 1.0 , PM 2.5 , and PM 10 appeared at approximately 08:00 local time, ranging from 06:00 to 09:00 for different seasons. During the summer, the first peak occurred earlier at approximately 06:00, and the winter had a relatively late first peak. The valley value in the summer also appeared at a different time (18:00) than in other seasons (14:00-16:00). After the valley values, PM concentrations increased at the second peak of the day during evening and kept relatively high concentrations throughout the night. Excluding data from precipitation days, PM 1.0 and PM 2.5 were found to have little effect on diurnal variations in the summer and spring. However, excluding data from precipitation days sharply increased the concentrations in autumn, especially during the two peak times. For winter, this decreased the PM 1.0 and PM 2.5 concentrations slightly, especially during valley times. For PM 10 , excluding data from precipitation days had an obvious contrasting effect, increasing the PM 10 concentrations in the summer, autumn, and spring substantially but only slightly decreasing PM 10 concentrations in the winter. These results are interesting; precipitation seems to have complex effects on the deposition and dispersion of atmospheric particles.
Back Trajectories and Potential Pollution Source Areas
To demonstrate the potential source of air pollutants, 48-hour back trajectories with hourly mean BC concentrations higher than 5 µg m -3 were analyzed using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the Air Resources Laboratory (ARL). The HYSPLIT model was driven with gridded meteorological data (Global Data Assimilation System; GDAS1). Fig. 9 demonstrates the cluster results of 48-hour backward trajectories arriving at Xuzhou at 1500 m above Fig. 8 . Diurnal variations of mass concentrations of (a) BC, (b) PM 1.0 , (c) PM 2.5 , and (d) PM 10 . Chen et al., Aerosol and Air Quality Research, 19: 794-811, 2019 805 Fig. 8. (continued) . the ground at 1-hour intervals. The BC-polluted hours (with BC concentrations higher than 5 µg m -3 , approximately the top 10% of all monitoring data) were selected for analysis. Fig. 9(a) demonstrates the clusters of BC-polluted hours year round. It was found that 3 cluster classes (31.30%, 12.27%, and 22.95%) originated from the northwest, 1 cluster class (9.01%) from the nearby Shandong Province in the northeast direction, 1 cluster class (11.47%) from the southwest and 1 cluster class (13.00%) from nearby regions. The year-round cluster analysis suggests that approximately 66.52% of trajectories originated from the north and northwest. As Xuzhou is a city in eastern China severely affected by monsoons, the prevailing wind directions are different in different seasons. show the clusters of the BC-polluted hours in the four seasons. Figs. 9(b) and Fig. 9 (e) are similar, with most BCpolluted hours originating from the northwest. Summer and autumn were much different from spring and winter. In the summer, as shown in Fig. 9(c) , BC-polluted hours were mainly associated with nearby provinces' air mass transportation. In the autumn, approximately half of the BC-polluted hours were affected by northwest long-range air mass, and approximately half of the BC-polluted hours were associated with nearby air mass transportation, as shown in Fig. 9(d) . In the spring and winter, monsoon makes the north wind prevailing, while in summer and autumn, south wind dominates. These trajectories clearly identified the three potential sources: The first is the Beijing-Tianjin-Hebei city cluster, second is the Yangtze River Delta city cluster in the southeast, the third is from central China, in the southeast.
The potential source contribution function (PSCF) model (Zong et al., 2018) was used to further explore the potential source regions that affected the BC concentrations in Xuzhou. The PSCF value in the ijth cell could be defined as PSCF ij = m ij /n ij ·m ij is the number of endpoints that fall within the ijth cell with BC concentrations higher than the criterion of 5 µg m -3
. n ij is the total number of endpoints that fall in the ijth cell. As the PSCF value is a kind of conditional possibility, when the time the air flow stays in the cell is too short, the uncertainty of the PSCF value will increase. To reduce such uncertainty, an arbitrary weight function W ij is used to better reflect uncertainty in each cell when the n ij in the ijth cell is less than approximately 3 times the average value of the end points in each cell. Here, W ij is defined as (Polissar et al., 2001) : (Fig. 10(a0) , spring ( Fig. 10(b) ), summer ( Fig. 10(c) ), autumn ( Fig. 10(d) ) and winter ( Fig. 10(e) ). The region was divided into an array of 0.25° × 0.25° grid cells. From the year-round view, central and northwestern China, including the western Shandong Province, southern Hebei Province, northern Henan Province, southern Shanxi Province, northern Shaanxi Province, and western Inner Mongolia are all medium potential regions for BC in Xuzhou. In the spring, central China west of Xuzhou was the potential BC source for Xuzhou. In the summer and autumn, BC-polluted episodes were less frequent than in the spring and winter, and nearby provinces were the potential sources for Xuzhou. In winter months, the cases were much more different and complex. Different from the previous three seasons, in the winter, the central provinces became high-potential BC sources for Xuzhou, suggesting high BC emissions in the winter in these regions.
DISCUSSION
Black carbon aerosol has been identified as an important factor that is responsible for the deterioration of air quality in many urban cities as it is an indicator of primary emissions. Many cities in China have reported BC measurements:
Beijing (annual average concentration: 3.67-4.36 µg m -3 ; Chen et al., 2016; Liu et al., 2016) , Heifei (annual average concentration: 3.5 µg m -3
; Zhang et al., 2015b) , and Nanjing (annual average concentration: 5.3 µg m -3
). Most research has demonstrated that winter months have relatively higher concentrations, mainly due to more emissions during seasons that require heating. For Beijing, BC concentrations on hazy days were 1-2 times higher than those on non-hazy days, while the ratios of BC to PM 2.5 were lower on hazy days . These results suggested that, although BC plays an important role in the formation of particulate matter in the megacity of Beijing, air mass transportation and secondary aerosol could not be neglected. Meteorological conditions also affect the formation and dispersion of BC and particulate matter. In Beijing, the BC and PM 2.5 concentrations were found to be negatively correlated with wind speed but not significantly correlated with precipitation . Another nine-yearlong research project found that south-to-east winds with low wind speed were generally correlated with poor visibility and high BC concentrations . Similar studies in Nanjing (eastern China) and Wuhan (central China) have found that poor dispersion weather conditions were responsible for the occurrences of high BC concentrations (Gong et al., 2015; Li et al., 2015a) . However, another year-round measurement in Hefei demonstrated that BC was mainly from local emissions with poor correlation with wind speeds (Zhang et al., 2015b) . Aside from meteorological factors, traffic flows could affect BC concentrations (Cheng et al., 2015b) . Additionally, BC concentrations were lower during important activities, such as the World Expo, accompanied by temporary government mitigation measures, such as restrictions on vehicles and industry production (Feng et al., 2014) . Overall, local emissions, dispersion conditions, regional transportations, and temporal control measures all play important roles in BC concentration variations.
For Xuzhou, the two neighboring regions of the Yangtze River Delta and Beijing-Tianjin-Hebei (shown in Fig. 1 ) are seriously polluted; high BC/PM concentrations were frequently correlated with both south winds (from the Yangtze River Delta) and north winds (from Beijing-TianjinHebei and Henan Province). The PSCF maps demonstrated that central Chinese provinces, including Hebei, Shandong, Henan, Shanxi, Shaanxi, and Anhui, are all possible BC sources for Xuzhou. Besides this transportation, it is highly possible that local emissions may also affect the pollution level in Xuzhou. In 2012, the annual coal consumption in Xuzhou was about 4.86 × 10 7 t (Liu, 2016) and the number of vehicles reached 1.44 million by the end of 2017.
Annual emissions of PM 2.5 and PM 10 could reach 4.19 × 10 4 t and 2.68 × 10 4 t, mainly caused by thermal powers, cement plants and other foundry industries. The winter heating period (approximately from November 15 to March 15) with large amount of extra coal combustion also contribute the booming level of air pollution in these months. As a fast developing regional economic center, BC as well as PM pollution level are affected by both neighboring agglomerations and local emissions. 
CONCLUSIONS
Black carbon aerosol is a significant component in particulate matters (PM 1.0 , PM 2.5 , and PM 10 ) in the atmospheric environment, which is regarded as the major cause of air quality deterioration in the regions of northern China, and plays an important role, despite its relatively low concentrations (approximately 2.4 µg m -3 in Xuzhou), in absorbing incident solar energy and acting as a hotspot for the formation of secondary aerosols. Furthermore, black carbon in the atmosphere suppresses the evolution of the boundary layer, affecting the dispersion of air pollution.
In this paper, we analyzed a two-year field measurement of BC and particulate matter in Xuzhou, an industrialized city in central China and the economic center of the Huaihai Economic Zone. Xuzhou is located between two severely polluted regions in China: the Yangtze River Delta region and the Beijing-Tianjin-Hebei region. Therefore, Xuzhou is easily affected by pollution transported from neighboring regions in addition to its own local emissions. We found that the annual average concentrations of BC, PM 1.0 , PM 2.5 , and PM 10 in Xuzhou were 2.4 µg m -3 , 56.6 µg m , respectively. BC concentrations in winter and spring were higher than in summer and autumn, whereas PM concentrations were higher in winter and autumn. The diurnal variations in the BC and the PM were similar: two peaks during the rush hours in the morning and in the evening and one valley in the afternoon.
Backward trajectory analysis (using the HYSPLIT model) revealed that the highest BC concentrations were associated with north or northwest winds, suggesting that the neighboring provinces may be significant sources of BC pollution in Xuzhou. The potential source contribution function (PSCF) model demonstrated that the BC source regions varied by season, i.e., the central Chinese provinces likely contributed emissions during winter and spring but were a much less likely source region during summer and autumn. Nevertheless, these results suggest that during winter and spring, BC emissions in central China are very high and require further control measures.
